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NOMENCLATURE 
Chord length of the hydrofoil 
Span 
Cavity length 
Maximum thickness of the hydrofoil 
Angle of attack, degrees 
2 Plan form area = ( sxc)ft 
Density of water, slugs /cu ft 
Tunnel velocity, ft/sec 
Lift force on model, lb 
Drag force on model, lb 
Moment on mode 1, lb 1n 
Vapor pressure of water, psi 
Corrected tunnel static pressure, psi 
Cavitation number based on vapor pressure 
(p - p ) I i- p v 2 
v ~ 
Distance from the leading edge of the 
cavitation detachment point on suction side 
at + ve angle of attack. 
Distance from the leading edge to 
the cavitation detachment point on 
pressure side at + ve angle of attack 
2 
Lift coefficient = L /~ p V A 
Drag coefficient = D I -j; p v 2 A 
2 Moment coefficient = M li: p V Ac about 
the mid- chord point. 
Incipient cavitation number 
Reynolds number based on chord length 
Vc /V 
= 
= 
y = 
Reynolds number based on momentum 
thickness at the separation point 
v o2 I \) 
Air content in ppm (parts per million) 
Abstract 
Experimental results concerning force coefficients and cavity 
detachment points under various cavitating conditions on two geometri-
cally similar bi-convex hydrofoils are presented. A linearized cavity 
flow theory with cavitation separation points determined from the 
assumption of smooth separation at the detachment point is presented 
and a comparison is made of these theoretical results with the experi-
ments. Scaling problems with cavitation separation from smooth 
slender bodies are discussed. With the help of photographic studies 
three different types of cavitation separation from smooth bodies are 
proposed. 
l. INTRODUCTION 
In recent studies of cavitating flows past smooth bodies (1, Z)>:: it 
was noticed that the cavitation detachment from spheres is subject to 
scale effects and the observed cavitation detachment points lie further 
downstream than predicted by theory using smooth separation at the 
detachment point. The purpose of pre sent investigation is to look in 
to scaling problems associated with cavitation detachment and comparison 
of observed separation points with that obtained by assumption of smooth 
separation at the detachment points, for thin smooth hydrofoil sections, 
which are of practical importance. Two sharp edged, symmetric 
and geometrically similar bi-convex hydrofoil models with 6 in. and 
3 in. chord lengths were chosen for experimental purposes. The 
simple geometry of this model made theoretical calculations much 
simpler than would have been for a model with blunt leading edge and 
sharp edged hydrofoils are of interest in themselves. The experimental 
results on force coefficients for the 3 in. model under cavitating and non-
cavitating conditions and observed separation points for both the models 
are presented in main section of the report. A comparison of expe ri-
mental and theoretical data is also made in the main section of the 
report. Linearized cavity flow analysis with arbitrary separation 
points past a sharp edged hydrofoil at an angle of attack is presented 
in appendix 1. 
>!< Numbers in paranthesis refer to references at the end of the text. 
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2. EXPERIMENTAL PROCEDURE 
The experiments described here were performed in the high speed 
water tunnel of the Hydrodynamics Laboratory at the California Institute 
of Technology. The working section of the tunnel is rectangular with 
the dimensions of 6 in. by 3 0 in. Two geometrically similar bi-convex 
hydrofoil models were tested whose dimensions and details are shown 
in figure (1). Both models are made of 416 stainless steel. 
The models spanned the working section except for a small clear-
ance at one of the ends; this clearance was set at a very low value of 
about 0. 005 in. so that the gap effect was minimum on the forces. The 
models were mounted on a base plate which in turn was bolted to the 
spindle of the force balance so that the plate was set flush with the 
tunnel wall. 
The forces on the 3 in. model (model 2) were measured by using 
the 3 component balance de scribed in (3 ), the capacity of the balance 
limited the forces to be measured to 3. 5° angle of attack at a free 
stream velocity of 40 ft/sec. Due to this same limitation no useful 
data on forces on the 6 in. model (model 1) could be obtained. Therefore 
most of the force measurements were carried out on the smaller 3 in. 
model. However some force measurements of the 6 in. model were 
made by measuring the deflection of the free end of the hydrofoil 
optically. These readings were converted to lift forces after calibrating 
the deflection of the mode 1 under known loads. 
The force measurements were corrected for the balance interactions 
due to the change in tunnel static pressure and the tare forces on the 
mounting disk. The method of measuring tare forces is de scribed 1n 
(4). In most cases the lift and moment corrections are negligible 
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whereas the tare drag force can be one third of the total drag force 
with fully wetted flow. Most of the tare drag force is due to the 
frictional forces on the mounting disk. 
The location of pres sure taps for the measurement of dynamic 
head and tunnel static pressure is shown in figure (2). The pressure 
measurements were made with mercury manometers. The dynamic 
head (p -p ) is used to calculate the free stream velocity V. To 
0 1 
determine the effect of cavity length on tunnel static pressure measure-
ments, additional pressures, p 2 and p 3 , at two different upstream 
locations in the nozzle were measured. At low cavitation numbers, 
p and p differed up to a maximum value of 10 percent of p for the 
2 3 l 
6 in. model. The difference at high cavitation numbers for the 6 in. 
model and at all cavitation numbers for the 3 in. model were very small. 
An average value of the two pressures was used to compute the free 
stream velocity and cavitation number a. 
The variation of a was achieved by varying the tunnel static 
pressure p
2 
to obtain the desired length of cavity, which could be 
observed through the lucite window, with fixed angle of attack a and 
free stream velocity. Still photographs of spanwise cavitation pattern 
were obtained for several cavitation numbers, angles of attack and 
velocities. With the help of these photographs cavitation separation 
points were estimated. 
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The air content of the water was measured on a VanSlyke blood 
gas analyzer. No special attempt was made to control the air content 
of the water in the tunne 1. 
The criterion for cavitation inception was based on visual observation 
of macroscopic sized bubbles in the minimum pressure area. Some 
attempts were made to study the flow characteristics over the hydro-
foils under fully wetted conditions using oil film flow visualization 
techniques. This method and discussion of the observations are 
presented in appendix (II). 
RESULTS 
The non-cavitating lift and drag coefficients for the 3 in. model 
as a function of angle of attack at two different Reynolds number based 
on chord length are shown in fig. 3. Mid- chord pitching moment co-
efficient behavior with angle of attack at a Reynolds number of million 
is also shown in fig. 3. Figure 4 shows the behavior of lift and drag 
5 
coefficients for the 3 in. model at a Reynolds number of 5xl0 over a 
much wider range of angle of attack than shown in fig. 3. Behavior 
6 
of lift coefficient for the 6 in. mode 1 at Reynolds number of 2xl0 is 
also shown in fig. 4. Figure 5 shows the variation of drag coefficient 
as function of angle of attack and cavitation number. Similar results 
for lift and mid- chord pitching moment coefficients are shown in 
figs.6 and 7 respectively. The range of cavitation number in figs. 5, 6 
and 7 is such that to include conditions of fully wetted flow to fully 
cavitating flow. Figure 8 shows the variation of lift and drag coefficients 
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as function of angle of attack under fully cavitating conditions (a_. 155 - . 095), 
fig. 8 also shows the theoretically obtained drag values based on linear-
ized cavity flow theory developed in appendix (I). Figure 9 shows the 
variation of non-dimensional cavitation separation points for the two 
models tested, as function of cavitation number at zero angle of attack. 
The data shown in fig. 9 were obtained from still photographs taken at 
four different free stream velocities of 30, 40, 50 and 60 feet per second. 
Also shown are the theoretically obtained separation points from 
appendix (I). Figure 10 shows the cavitation inception data at zero 
angle of attack for the two models as function of free stream velocity. 
Figure ll shows the comparison of inception data for the models used 
in pre sent investigation with that of previous results for different hydro-
foil models obtained from ( 5). Data on non-dimensional cavitation 
separation points for the two models on suction side and pressure side 
at different angles of attack and cavitation numbers is presented in 
Table 1, the theoretical data shown in Table 1 is obtained from appendix (I). 
Figure 12 shows the behavior of lift coefficient as function of angle 
of attack under fully cavitating conditions for the following three different 
cases: 1) experimentally obtained lift coefficients, 2) theoretically 
obtained lift coefficients with the use of theoretically obtained cavitation 
separation points, 3) theoretically obtained lift coefficients with the use 
of experimentally measured cavitation separation points. 
Similar calculations on drag coefficient are shown in fig. 8. 
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DISCUSSION OF RESULTS 
A. NON-CAVITATING FLOW 
Flow characteristics under fully wetted conditions are presented 
in figs. 3 and 4. Effect of Reynolds number is quite strong on the 
behavior of lift curve with angle of attack. The slopes of lift curves 
at Reynolds number of one million and two million is only L 6 5 rr, 
considerably below the expected value of 2rr. At a Reynolds number of 
half a million, from fig. 4 it is evident that lift varies nonlinearly for 
small angles of attack up to 1. 5°, then varies linearly up to an angle 
of attack of 6 ° with a slope of 2. 06rr and again varies nonlinearly 
up to the stall point which occurs at an angle of attack of l 0°. 
To uncle rstand this strange Reynolds number effect on the lift 
curve, oil film techniques for flow visualization were attempted as is 
discussed in appendix (II). From the observations presented in appendix (II), 
it is clear that there is a local laminar separation at the leading edge. 
Conditions near the trailing edge were not so well defined by this 
technique. The boundary layer was certainly thickened there as evidenced 
by the slow removal of the oil film especially on the suction side but 
no evidence of flow reversal was seen. Also it was not possible to 
ascertain the importance of the side wall boundary layers, although 
such three dimensional effects could be observed in the oil film. The 
best example of this is seen in fig. A2- 2. The effect of Reynolds 
number on drag coefficients is less pronounced. 
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B. CAVITATING FLOW PHENOMENA 
Establishment of cavitation on the models was done by the reduction 
of free stream pres sure while the angle of attack and free stream 
velocity were held fixed. Therefore lowering of pressure means that 
cavitation number is also lowered. 
Zero angle of attack: At this angle of attack beginning of cavitation 
took place on the models in the form of transient travelling macroscopic 
bubbles, and the cavitation numbers corresponding to this pressure 
is denoted as incipient cavitation number. From the explosive formation 
of these bubbles it is thought that the source of nuclei most probably 
comes from the free stream. As the cavitation number was reduced 
slightly (many times just due to fluctuation in free stream pressure) 
below the inception pressure, sudden formation of streaks of cavities 
was observed, these were photographed and are shown in figs. 21. and 
22. The spanwise position of these macroscopic cavities were in-
fluenced by the presence of small disturbances at the leading edge, 
in some cases the disturbances w e re large enough to form a cavitating 
wake behind them. The eddies in the wake probably are good supply 
of nuclei. For all velocities tested further reduction in cavitation 
number for the 6 in. model resulted in growth of the streak like 
cavities in to larger sizes retaining a three dimensional pattern in 
the spanwise direction, an example of this is shown in fig. 15. 
Whereas for the 3 in. model except at velocity of 60 ft/sec., reduction 
in cavitation number produced dense population of macroscopic cavitation 
bubbles, which were uniformly distributed in the spanwise direction. 
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Further reduction of cavitation number did not change the structure of 
cavitation pattern. This difference in structure of macroscopic 
cavity probably produced observed difference in the lengths of cavities 
at the same cavitation number. One would imagine a much more 
efficient response in the cavity length due to pressure reduction in 
the case of streak type cavities than bubble type and this was consistently 
observed. At 60ft. per sec. the cavitation observed on the 3 in. 
model was similar to that observed on 6 in. model. Further discussion 
on this point will be made later on in the report. 
One degree angle of attack: Due to the sharp leading edge severe 
pressure gradients were experienced by the mode 1 on the suction side 
of the leading edge area. At high enough cavitation numbers a 
laminar separation bubble without cavitation was present to encounter 
the severe pressure gradients (see appendix II). As the cavitation 
number was decreased, first signs of cavitation appeared in the tip 
clearance area, further reduction in pres sure produced a sma 11 
cavitation bubble on the suction side of the leading edge. This cavitation 
bubble is comparable to the laminar separation bubble in the non-
cavitating case, but the latter is usually accompanied by transition of 
boundary layer on the separated bubble, whereas no such indications 
were noticed on the separated cavitation bubble. Further reduction 
in pressure increased the leading edge bubble size and in many 
instances this was accompanied by high level auditory noise, it seemed 
as if the model was singing. Further reduction in pressure produced 
first signs of cavitation in the minimum pressure area. This type of 
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cavitation inception was quite different from the inception observed 
at zero angle of attack. This type of inception occurred with a formation 
of cavitating patch which was frothy in nature and similar to cavitation 
observed in wakes. An example of this is shown in fig. 23. Further 
reduction in pressure diminished the size of leading edge bubble, 
but inc rea sed the cavitating area downstream of minimum pres sure 
point in to the wake area. Finally at very small cavitation number 
the structure is exhibited in fig. 16. In the same fig. 16, one can also 
notice the cavitating wake behind a large leading edge disturbance. 
It should be mentioned that no noticeable difference in cavitation 
pattern on the suction side, for the two models was observed. 
Only at low cavitation numbers when large area of the suction 
side of model was cavitating, cavitation appeared on the pressure side 
of the models. On the 6 in. model the cavitation was in the form of 
streaks coming off the intersection of tunnel walls with the model 
and the pressure taps, which is illustrated in fig. 28. These streaks 
of cavities were accompanied by the presence of large cavitation 
bubbles traveling in the free stream adjacent to the model surface. 
On the 3 in. model, at first the cavities were in the form of streaks 
adjacent to the intersection of tunnel walls and the model, but as the 
pressure was reduced cavities formed due to coalescence of large 
cavitation bubbles fixed to the surface of the model. At this point 
still large portion of the model surface was non-cavitating, only 
after further reduction in pressure did a suddent cavitating patch form, 
it was a fully developed cavitation patch with smooth glassy surface 
at the separation line. This type of cavitation has been observed on 
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axisymmetric bodies and is illustrated in fig. 2 9, which is taken 
from work reported in (12). Further reduction in cavitation number 
did not change the spanwise pattern only the streamwise lengths of 
the cavities increased. An illustration of above discussion is shown 
m fig. 26. 
Two degree angle of attack: At 2 ° angle of attack cavitation began 
with the formation of cavitation she e t (or bubble) on the suction side of 
the leading edge as was the case in l 0 case. Reduction of cavitation 
number increased the bubble size, and contrary to the 1° case no 
inception of cavitation took place in the min. pres sure area. Successive 
reduction of pressure just increased the size of the cavitation bubble, 
which had a smooth glassy surface except at the trailing edge. This 
smooth glassy surface appears as extremely dark portion on photo-
graphs. In this mode of cavitation the bubble size was extremely 
sensitive to slight changes in cavitation number. As soon as the cavity 
length reached . 75 chord length an inherently unsteady mode developed 
and the cavity started oscillating in a cyclic manner, first the cavity 
would lift itself and then collapse violently on the model producing large 
amplitude vibrations of the model. A detailed study on this phenomena 
is reported in (6). Slight pressure changes did not effect the cavity 
length appreciably, only the amplitude of vibration of the model became 
smaller. After a large reduction in cavitation number the oscillations 
stopped and steady state cavity developed, whose appearance was similar 
0 
to cavitation at 1 angle of attack with low cavitation number. The leading 
edge bubble in this case was quite large and another large cavity starting 
slightly downstream of the trailing edge of the leading edge cavity was 
present. The ref ore a fully wetted portion on the foil surface appeared 
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in the min. pressure area which was not present at a higher cavitation 
number, when the cavity length was about . 75 chord length, this change 
is clearly illustrated in figs. (19) and (17). As will be pointed out later 
these shifts in cavitation pattern had pronounced effects on the forces 
encountered by the model. The suction side cavitation development for 
the two models was very similar in nature. 
The cavitation pattern on the pressure side of 6 in. model at 
2° angle of attack was very similar in nature to that observed at 1° 
angle of attack discussed earlier. Whereas on the 3 in. model a 
fairly uniform cavity in the spanwise direction was formed, the surface 
of the cavity at the detachment was glassy and clear indication of trans-
ition of the boundary layer on the cavity surface was present. This 
cavity is similar in nature to that observed on axisymmetric bodies (12), 
mentioned earlier and is shown in fig. (29). A regular spanwise 
destortion of the separation line is seen from the photograph in fig. (27), 
similar de stortions are visible in the trailing portions of the leading 
edge cavitation bubble in fig. (17). Since the boundary layer character-
istics for the two cases are quite different, the common real fluid 
effect of surface tension is thought to be responsible for the local 
destortions in the separation line seen in fig. (27). 
For higher angles of attack the suction side cavitation development 
was similar in nature to that observed on a plano-convex hydrofoil and 
discussed in (6). Three distinct modes of cavitation were present and 
each is outlined separately in following paragraphs. 
l. Partially Cavitating Zone: The inception of cavitation took place 
on the suction side of the leading edge in the form of a cavitation sheet 
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attached to the leading edge. The length of the bubble was extremely 
sensitive to reductions in pres sure or cavitation number. Reduction 
in cavitation number increased the bubble size until the length of the 
cavity was about . 7 5 chord length, then a new mode developed. Since 
the cavity length is less than chord length this zone is commonly known 
as partially cavitating zone. 
2. Unsteady zone: As mentioned in previous paragraph as soon as 
the cavity length was about . 75 chord length an unsteady zone developed, 
the cavity would lift itself up with leading edge as the hinge point and 
immediately collapse violently on the model producing violent oscillations 
of the model which were visible to the naked eye. A photograph of such 
a collapse is shown in fig. (20). It is apparent that energy exchange 
takes place between the free stream kinetic energy and the work done 
in expanding the cavitation bubble, but the mechanism of this exchange 
is as yet unclear. It should be concluded that expansion of cavity is 
not pas sible if the surrounding liquid is homogeneous and the tunne 1 
walls are rigid. The whole process mentioned above was periodic and 
subsided after large reduction in the cavitation number and when the 
cavity length was about 1.1 chord lengths. The length of cavity in this 
zone was insensitive to slight pressure or cavitation number variations. 
3. Fully Cavitating Zone: As soon as the cavity length reached 
about l. 1 chord lengths steady state returned and the cavity length was 
sensitive to slight cavitation number variations. In principle one can 
obtain an infinitely long cavity but in practice choking phenomena takes 
place, where the cavity length does not change as the cavitation number 
is decreased, commonly this is referred to as supercavitating zone. 
A photograph of the cavitation pattern at low cavitation number is shown 
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in fig. 18. For the present models choking took place when the cavity 
length was about 7-8 chord lengths. 
It is clear from the above discussions that for practical purposes 
it would be advantageous to work either in a non- cavitating or fully cavi-
tating zone. Even though a partially cavitating region is steady in nature, 
it is susceptible to unsteadiness with slight variations in free stream 
velocity or pres sure. From material damage point of view also; a fully 
cavitating zone would be preferable to partially cavitating zone, since in 
the latter case the cavity ends on the material surface. 
At higher angles of attack the cavitation pattern on the pres sure 
side was highly non-uniform in the spanwise direction as observed in the 
case of 6 in. model at 1° and 2° angle of attack. Similar pattern was also 
observed on the 3 in. model. 
To summarize partly the results a schematic sketch of change of 
cavitation pattern with angle of attack and cavitation numbers is shown in 
figs. 13 and 14. 
C. SCALE EFFECTS IN CAVITATION INCEPTION. Cavitation inception 
data for the two models at zero angle of attack for various velocities is 
presented in fig. 10. Exact value of the C minimum neglecting viscous p 
effects is also shown in the same fig. 10. Estimation of blockage effect was 
found to be less than 4 per cent of Cp min. value and therefore can safely 
be neglected. 
As seen in fig. 10, the inception values for both models are higher 
than Cp min. at low velocities. Calculations with the help of air content 
measurements shown in fig. 10 indicate that at these low velocities air 
content is about 10 times the saturation value at l atmosphere. _Therefore 
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it is possible that the observed cavitation is gaseous rather than vaporous. 
Another explanation for inception value being larger than Cp nrin. is that 
due to effects of surface protrusions or turbulence. Photographs taken at 
the inception conditions indicated that on the 6 in. model, no surface irre-
gularities were responsible for premature cavitation but most probably the 
observed cavitation was gaseous. The position of inception was in the 
adverse pressure gradient area further downstream than nrin. pressure 
point. On the contrary from fig. 30 it is obvious that on the 3 in. model 
the leading edge disturbances are responsible for premature cavitation. 
The argument is supported further from the position of inception which is 
upstream of minimum pressure point. Values of desinence cavitation 
number higher than Cp min. have been reported previously by Hall ( 13 ), 
and his conclusion was that of observed cavitation being that of gaseous 
type. Present investigations indicate the importance of having photographs 
of inception conditions along with the pertinent data. 
At this point it should be mentioned that initial inception in many 
instances was in the form of transient travelling macroscopic bubbles, 
which could not be photographed, but steady state inception took place with 
a very slight reduction in free stream pressure and these were photographed. 
At higher velocities the inception values for 6 in. model were almost 
equal to C min. value or slightly above it, whereas for the 3 in. model p 
they were always lower than Cp min. value. Photographic studies indi-
cate that at these velocities leading edge disturbances played an impor-
tant role in the inception process for the 6 in. model, whereas for 
the 3 in. model they were not apparent as they were for the case of 
30 ft. per sec. in fig. 30. The leading edge disturbances were in the 
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form of either small debri sticking at the leading edge or local cavitation 
bubble formation due to the sharpness of the leading edge. These 
arguments are supported from inspection of photographs in figs. (21) and 
(22). It should be mentioned that the position of inception for the 3 in. 
model was further downstream than that for 6 in. model, but both were 
ahead of minimum pres sure point. 
The role of leading edge protrusions is to effect the status of 
boundary layer downstream of the disturbances (see appendix II and 
fig. A2- 3)., cause local pressure reduction and finally if the disturbances 
are large enough cause cavitating wakes, thus acting as good source 
of nuclei. It is also important to consider the status of flow after 
the disturbances, if the flow is subjected to severe favorable pressure 
gradients, then the effects would tend to be supressed or minimized 
and; if the flow is subjected to distributed roughness then the effects due 
to isolated roughness elements would tend to be distributed uniformly 
thus minimize the overall effectiveness of isolated disturbances. In 
this sense it is worthwhile to point out that smaller model was twice 
as rough as the larger model. The author does not believe that the 
roughness elements are the sole cause for the observed behavior in 
fig. 1 o. 
The change in appearance of cavitation inception with velocity is 
shown in figs. (22), (31) and (32) for the 3 in. model. The form of 
inception at 40 ft. per sec. was in the form of isolated bubbles densely 
populated and fairly uniformly distributed in the spanwise direction 
and is shown in fig. (22). Whereas at 60ft. per sec. as seen in fig. (32), 
small streaks of cavities were formed but small isolated bubbles existed 
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just prior to the beginning of the streaks. At 50 ft. per sec. the in-
ception was in the form of is alated bubbles which were much larger 
in size than 40 ft. per sec. case and simultaneously some streaks of 
cavities were also present, this is illustrated in fig. (31 ). The 
appearance of cavitation inception for the 6 in. model was that of 
streak type for all the velocities as seen partly in figs. (21) and 
(33). This difference in appearance for the 3 in. model is probably 
reflected in the variation of a with velocity. The inception values for 
1 
6 in. model did not vary appreciably with velocity for velocities 
higher than 40ft. per sec. Similar behavior of inception values with 
velocity is reported in (14) for the case of cavitation in turbulent 
boundary layer on a smooth wall. 
A different form of inception on the suction side of 6 in. model at 
0 
1 angle of attack is shown in fig.(23). The cavitation is extremely 
frothy in nature, the inception cavitation number was found to be exactly 
equal to C min. value at 1° angle of attack. p 
Figure ll shows the averaged out inception data for three different 
hydrofoil sections. The data on NACA 16 012 models and 12 percent 
Joukowski models are taken from (5). The behavior of inception data 
with Reynolds number and model size for the present models and NACA 
16012 models is very similar, the only difference being that the inception 
values for the present models were close to theoretical C min. of . 225, p 
whereas the NACA16012 data was always way above the theoretical 
C min. of . 2 93. The behavior of inception data for the 12 percent p 
Joukowski models with model size and Reynolds number is in opposite 
trend from that observed for the present bi-convex models and NACA 
16012 models. It should be noted that pressure distributions for the 
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bi-convex model and NACA 16012 model are very similar in nature being 
that of a flat type, whereas the pressure distribution for the 12 per cent 
Joukowski is that of a peaked type. Since the inception values for the 
NACA 16012 hydrofoils fell above the C min. value, it is felt that the p 
observed cavitation was gaseous. If that is the case, then from present 
experiments it can be tentatively concluded that the effect of size and 
velocity on inception values does not depend on whether the cavitation 1s 
gaseous or vaporous. Since details of cavitation inception process on 
J oukowski hydrofoils are lacking, it is difficult to conclude about the 
drastic difference observed in the behavior of inception data shown in 
fig. 11. It is possible that the inception on Joukowski hydrofoils took 
under the conditions of laminar boundary layer whereas the present incep-
tion data is under turbulent boundary layer conditions. 
D. SCALE EFFECTS IN CAVITATION DETACHMENT. From the 
discussion in Section VI-B on cavitating flow phenomena, it is apparent 
that many different types of cavitation detachment from the present hydro-
foil sections were observed. The discussion carried on this section is 
focused on fully cavitating flows, where localized effects can be neglected 
in determining the cavitation detachment points and also theory developed 
m Appendix I is valid only for cavities with length greater than chord. It is 
postulated that the following three basically different types of cavitation 
separation are possible; namely, 
1. Viscous laminar cavitation separation 
2. Viscous turbulent cavitation separation 
3. Nucleate cavitation separation 
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The first two types may be likened to conventional boundary layer 
separation in non-cavitating flow, since at the cavitation detachment point 
the conditions of viscous boundary layer separation would be met. Thus 
such separations are possible only in the presence of finite adverse pres-
sure gradients such that the condition of wall shear stress going to zero is 
satisfied at the detachment point. The third type of separation is unique to 
cavitating flows only. It can occur in favorable pressure gradient area or 
in fact without the presence of boundary layer at all, but this does not 
mean that viscous effects do not influence the nucleate separation in real 
cavity flows. Good illustrations of the first type of separation are shown 
in figs. 2 7 and 2 9. This type of separa.tion is accompanied by smooth 
glassy cavity at the separation line, spanwise distortion of the separation 
which is thought to be due to local effects of surface tension as discussed 
earlier in Section VI-B and transition of boundary layer to turbulence on 
the cavity surface slightly after the separation line. In (2) further examples 
of this type of separation are illustrated with the conclusion that this type 
of separation is mainly dependent on cavitation number and Reynolds 
number. 
Examples of nucleate type of separation are shown in figs. 15, 16, 
24 and 2 5. It is evident from the photographs that two distinct types of 
nucleate separation are present which could be called bubble type nucleate 
separation and streak type nucleate separation. During bubble type of 
separation the cavity formed is characterized by the presence of dense 
population of macroscopic cavitation bubbles. The separation point in this 
case is somewhat arbitrary in nature. An example of separation point used 
for the present purposes is shown by a dotted black line on fig. 24. 
Figures 16 and 24 are examples of this type of separation. Duripg streak 
-19-
type of separation the cavity formed is characterized by the presence of 
long finger-like cavities. The cavity has a three- dimensional character 
and a spanwise instability is pre sent. The position of the finger-like 
cavities seems to be determined by the presence of small leading edge 
disturbances. Examples of this type of separation are shown in fig. 15 
and 25. 
At zero angle of attack except at velocity of 60ft/sec the type of 
separation on the 3 in. model was that of bubble type nucleate separation, 
whereas for all velocities the type of separation for the 6 in. model was 
streak type nucleate separation. The type of separation for the 3 in. 
model switched from bubble type to streak type as the velocity was raised 
from 50 ft/ sec to 6 0 ft/ sec, which is clearly shown in figs. 24 and 2 5. 
This difference in type of separation for the two models is reflected in 
the observed data for the 3 in. model being always further downstream 
than the observed data for the 6 in. model, which is shown in fig. 9. The 
theoretical values shown in fig. 9 are obtained from Appendix I. It 
should be observed that detachme nt points measured for both the models 
fall further downstream than predicted by the linearized theory. 
Fig. 3 5 shows a replot of fig. 10 with horizontal axis being 
Reynold's number based on momentum thickness at the separation point. 
The calculations shown in fig. 3 5 are based on approximating the forward 
0 portion of the model as a wedge of angle 9. 5 . The quantities next to data 
points are corre spending cavitation numbers. The flagged quantities are 
points with nucleate streak separation and unflagged quantities are with 
nucleate bubble type separation. It is conjectured that the critical Reynolds 
number in distinguishing the two types is about 350. Author feels that the 
transition process which occurs at critical Reynolds number of about 400 
is influential in determining the type of separation. 
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As seen fron1 fig. 3 5, it is appa r ent that for a fixed size as the 
ve lo ci ty is decreased viscous e ffects on separation become stronger . Simi-
lar effects are seen as the size is reduced for a fixed velocity. Also shown 
on the figure are separation points (dotted lines) from linearized theory 
(Appendix I) at the corresponding cavitation numbers marked on the dotted 
lines. The comparison between the theoretical and experimental results 
shows that the agreement improves as the Reynolds number increases. 
The still difficult question to be answered is when to expect what kind 
of cavitation separation. To answer this question it is assumed that the 
favorable pressures for the growth of cavitation bubbles have reached at 
the theoretically predicted detachment point (Th. C.S. P.) and that the laminar 
(L. C.S. F.) and turbulent (T. C.S.P.) cavitation separation points are in the 
neighborhood of conventionally estimated laminar and turbulent boundary 
layer separation points. It should be realized that this will not be the case 
in reality due to the effect on pressure distribution; on the model surface; 
due to cavitation in surrounding flow areas. For example in the case of 
present models at angle of attack, cavitation separation on the pressure 
side would be influenced by the presence of cavitation on the suction side. 
Now if the flow is laminar and conditions for cavitation nuclei to grow to 
macroscopic size are favorable between Th.C.S.P. and L.C.S.P., then the 
cavitation separation will be that of nucleate type -otherwise it will be that 
of viscous laminar type. If transition of boundary layer takes place before 
laminar separation point is reached and conditions for cavitation nuclei to 
grow to macroscopic size are favorable between Th.C.S.P. and T.C.S.P., 
then the cavitation separation will be again that of nucleate type. Favorable 
conditions for the growth of cavitation nuclei to macroscopic size are 
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that, abundant supply of nuclei should exist and the residence time of 
these nuclei in low pressure area should be long enough for the growth 
to occur. It should be noted that chances of these conditions being 
met are much higher for the case, where, transition takes place before 
laminar separation point and thus enhancing the chances of having a 
nucleate separation. Therefore it may be said that bluff bodies like 
spheres and cylinders would tend to have laminar cavitation separation, 
whereas bodies with long slender shapes like present models would 
tend to have nucleate type separation. Conditions of two different types 
of separation occurring simultaneously are also possible. 
At angle of attack the observed separation points on the suction 
side were influenced by the presence of leading edge cavitation bubble 
and on the pressure side; separation was influenced by the cavities 
springing off the tunnel walls. The meager data obtained is shown 
in Table 1. The observed separation on suction side was that of 
nucleate bubble type and an example of this is shown in fig. 16. For 
all angles of attack the separation on the pressure side of the 6 in 
model was not regular in nature, a representative example of separation 
observed is shown in fig.28. The only cavities present are off the 
pressure taps and tunnel walls. Separation on pressure side for the 
3 in. model at an angle of attack of 1° is shown in fig. 26, portions of 
foil surface has nucleate bubble type and portions have viscous laminar 
type. Separation on pressure side for the 3 in. model at an angle of 
attack of 2. 0 is shown in fig. 2. 7, the separation is that of viscous 
laminar type. The separation observed on pres sure side for the 3 in. 
model at higher angles of attack was similar to the separation 
observed on 6 in. model as shown in fig.28. The theoretical data 
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shown in Table 1 is taken from appendix 1. Discrepancy between the 
theory and experiment on the pressure side is quite high. 
A clear example of viscous turbulent separation was not observed 
in present experiments and therefore is not discussed in great detail. 
E. FORCES IN CAVITATING FLOW: Force coefficients for the 
3 in. model as function of cavitation number and angle of attack are 
shown in figs. 5, 6 and 7. As mentioned previously the range of 
cavitation number covers three distinct cavitating flow regimes and a 
discussion on behavior of force coefficients in these regions is done 
separately for convenience sake. 
1) Partially Cavitating Zone: (a ...... 4-. 8). The length of cavity in 
this zone is less than . 75 chord length. For angles greater than 1°. 
The presence of leading edge cavitation bubble whose length in-
creases as cavitation number is decreased results in the reduction 
of skin friction on the model and this is reflected in the reduction of 
drag values as cavitation number is decreased. This behavior on 
drag coefficient is shown in fig. 5. At the same time the increase 
in the size of leading edge bubble adds increasing amount of camber 
to the otherwise symmetric profile, thus resulting in increase of 
lift coefficient with increase in bubble size or decrease in cavitation 
number. Increase in lift values produce higher moments, and this 
behavior on lift and moment coefficients is shown in figs. 6 and 7. 
2) Unsteady Zone: (a-.2-.4) The length of cavity in this zone is 
between . 75 and l. 1 chord lengths. This zone is characterized by 
-23-
oscillating unsteady forces and the data obtained with the 3 component 
balance is very unreliable, for a detailed look at this phenomena see 
(6). This region is shown by dotted lines in figs. 5, 6 and 7. 
3) Fully Cavitating Zone: (a.....,. 05-. 2) The length of cavity in 
this zone is greater than 1.1 chord lengths. The drag values except at 
0 0 0 
angles of 0 , . 5 and 2 decrease as cavitation number is decreased. 
This same behavior is noticed at all angles for theoretically obtained 
drag coefficients and is shown in fig.Al.6 (appendix!). 
A comparison of theoretically obtained drag values from appendix I 
and experimental drag values for small cavitation numbers (a.....,.l55-. 095) 
is shown in fig. 8. Except at 2° the agreement is quite good. The 
lift coefficients found in this region are considerably smaller than the 
ones observed in partially cavitating zone, in fact the lift values are 
negative for positive angles of attack for low cavitation numbers. This 
interesting behavior of lift coefficient with angle of attack at low 
cavitation numbers (a....,. 155-. 095) is shown in fig. 8. A comparison of 
theoretical lift coefficients with the use of separation points determined 
from smooth separation conditions (appendix I), theoretical lift co-
efficients with the use of observed separation points (appendix I) and 
experimentally obtained lift coefficients is made in fig.l2. These 
differences are attributed to the discrepancies observed in separation 
points on the pressure side of the hydrofoil as shown in Table l. With 
the help of the theoretical data and observed cavitation pattern from 
photographs, possible pressure distribution on the suction and pressure 
sides of the hydrofoil are shown in fig. 34. It was assumed that vapor 
pressure value is reached at the theoretical separation point. A 
careful study of the diagrams in fig. 34 should provide justification 
for the observed trend of lift coefficients with angle of attack and 
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negative lift coefficients at positive angles of attack. Therefore the 
main reason for the presence of negative lift is the delay in cavitation 
separation on the pressure side due to the viscous effects mentioned 
before. One must conclude that the delay in separation causes large 
areas of the hydrofoil on the pressure side to be in a state of tensions 
or at least with pressures less than the vapor pressure. An approximate 
bound on tensions possible is - 8cm-Hg (15). 
As seen in fig.l2, when the observed separation points were used 
to calculate the theoretical lift coefficients, the agreement is quite 
0 0 good for angles of attack of l and 2 , where observed flow is almost 
2-dimensional as assumed in theory. 0 At an angle of attack of 3 the 
pressure side separation point used in the calculation was at the 
trailing edge, but as seen from fig. 28, the actual flow is highly 
three dimensional whose account is not taken into a 2-D theory and 
thus resulting in much higher observed lift value than predicted by 
theory. 
Similar calcuations in the case of drag values are shown in fig. 8. 
The agreement between experimental drag values and theoretically 
obtained drag values is quite good at 0° angle of attack. But at 
other angles of attack the smooth separation drag values have better 
agreement with experimental values than drag values calculated 
from use of observed separation points. 
As discussed previously and illustrated in fig.l4 a unique shift in 
0 
cavitation pattern took place for the case of 2 angle of attack, and 
this behavior is reflected in the unique behavior of drag coefficient 
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with cavitation number in fig. 5 for the case of angle of attack of 2°. 
Since the moments are based on mid- chord point, positive moments 
are possible even though the corresponding lift values are negative, 
this was observed in pre sent experiments and is shown in fig. 7. 
F. ON THE MODELING OF CAVITATION SEPARATION WITH 
SMOOTH SEPARATION CONDITION: In linearized cavity flow 
analysis (potential flow) past smooth bodies, the determination of 
separation points is done by the application of smooth separation 
condition at the cavity detachment point, which physically means 
that, flow should leave the solid body tangentially at the detachment 
point. A mathematical statement of this condition is given in 
Appendix I. From present experimental results and others (1, 2) it 
is evident that the predicted separation points differed considerably 
from observed separation points in the case of viscous laminar type 
separation and to a lesser extent in the case of nucleate type. From 
fig. 9, in the case of nucleate type of separation it is indicative that 
at high Reynolds number, and low cavitation numbers the agreement 
is quite adequate. In the work of C. Brennen (1) it was found that 
for bluff bodies like spheres the modeling of flow is quite adequate, 
even though the predicted separation point was found to be upstream 
than observed separation point. The observed separation on the spheres 
was that of viscous laminar type. This descrepancy in prediction of 
separation point resulted in poor agreement between predicted and 
observed lift values as shown in fig.l2, at the same time the agreement 
for drag values was quite good as shown in fig. 8. 
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5. SUMMARY AND CONCLUSIONS 
1) It was found that the lift coe ffici e nt of sharp edged hydrofoils 
under non- cavitating conditions is subject to a strong Reynold's 
number effect. 
2) Under cavitating conditions the following three types of cavitation 
detachment are proposed for the type of hydrofoil studied: 
i) Viscous laminar cavitation separation 
ii) Viscous turbulent c avitation separation 
iii) Nucleate cavitation separation 
Nucleate separation is further subdivided into a "bubble type" 
and a "streak type" of separation. The form of the nucleate separation 
is dependent on cavitation number and Reynold's number based on 
momentum thickness at the separation point. 
3) Cavitation inception data are subject to scale effects with size and 
velocity. For the present models the inception values decreased with 
decreasing model size and incre asing velocities. The size effect is 
believed to be due to leading edge disturbances due to microscopic 
debris in the tunnel flow impinging upon the leading edge of the hydrofoil. 
4) The observed separation positions were always further downstream 
than separation points calculated from free streamline theory. At 
zero angle of attack the agreement improved with increase in Reynold's 
number. Viscous effects played an important role in determining the 
site of the cavitation detachment points. The observed values were 10 
percent further downstream for the nucleate streak separation, 50 
percent for the nucleate bubble separation, and 100 percent for the 
viscous laminar separation. 
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5) Cavitation detachment from smooth bodies is subject to pronounced 
scale effects, especially with size and velocity. At zero angle of 
attack, the position of separation was further downstream as model 
size was decreased. A better correlation was obtained when a plot 
of Reynold 1 s number based on momentum thickness at the separation 
point vs. non-dimensional cavity d e tachment point was made. 
6) The delay in separation on the pressure side of the hydrofoil 
at an angle of attack due to viscous effects resulted in negative 
lift coefficients at small positive angles of attack. 
7) In most cases, it was observed that for smooth separation -
as opposed to separation from the leading edge, the cavity detachment 
process was highly non two-dimensional. 
8) Linearized cavity flow theory predicts lift values very poorly 
on these smooth bodies. The predicted values have positive signs 
0 0 0 
at 1 , 2 , and 3 angle of attack, whereas the observed lift coefficients 
are negative for the same angles of attack. When the observed 
separation points were used in the theory to predict the force 
coefficients the agreement was better; the lift forces were reasonably 
estimated then but the drag forces estimated worse. 
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Figure 12 Comparison of experimental and theoretical lift 
coefficients for low cavitation numbers. 
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Figure 15 Illustration of a three 
dimensional pattern of nucleate 
streak cavitation detachment at 
zero angle of attack . 
V~5lft/sec, 0"~ .11, c=6in. 
Figure 17 Cavitation pattern on 
suction side of the foil at 2 o 
angle of attack with two cavities ; 
one beginning from leading edge 
a nd anothe r beginning from 
minimum pressure point. 
v,;40,3ft/sec, (J,;.lo6, c=6in. 
Figure 16 Illustration of nucleate 
bubble cavitation detachment on 
suction side at 1 o angle of attack . 
V~40.4ft/sec, 0"~. 1 63, c=6in. 
Figure 18 Cavitation pattern on 
suction side of the foil at 3 o 
angle of attack with cavitation 
detachment from the l eading 
edge. 
v,;40.5ft/sec, 0";,.114, c=6in. 
Figure 19 Illustration of partial 
cavity on suction side of the foil 
at 2 o angle of attack with cavity 
beginning from leading edge. 
V~40ft/sec, cr~.367, c=6in. 
Figure 21 Illustration of cavitation 
pattern on 6 in. model at cavita-
tion number slightly b e low the 
inception cavitation number. 
V = 4 0. 6 ft/ sec, a = 0 o , cr = . 2 4 1 
Figure 20 Cavitation pattern 
during the collapse cycle of an 
unsteady cavity on suction side of 
the foil at 5° angle of attack and 
with cavity length ap proximate ly 
equal to chord length. 
V~40.85ft/sec, cr=.634, c=6in. 
Figure 22 Illustration of cavitation 
pattern on 3 in. mod e l at cavita -
tion number slightly below the 
inception cavitation number. 
v=40ft/sec, a=0°, cr~.212 
Figure 23 Illustration of cavitation 
inception on suction side of the 
foil at 1 o angle of attack. 
v,;40.4ft/sec, a,;_28, c=6in. 
Figure 2 5 Ilhtstration of shift in 
cavitation detachment type to 
nucleate streak as the velocity 
is increased to 60ft/sec (com-
pare Fig. 24). 
v,;60ft/sec, a=Oo 
a ,; . 0 6 3 1, c = 3 in. 
Figure 24 Illustration of nucleate 
bubble cavitation detachment on 
3 in. foil at 50 ft/ sec. 
V~50ft/sec, a=0° , a,;.077 
Figure 26 Illustration of mixed 
laminar and nucleate cavitation 
detachment on pres sure side of 
the 3 in. foil at l o angle of attack. 
v,;40ft/sec, cr,;.o814, c=3in. 
Figure 2 7 Illustration of laminar 
cavitation detachment on pres-
sure side of the 3 in. foil at 2 o 
angle of attack . 
v;,40ft/sec, a!!: .0 955, c=3ino 
Figure 29 Illustration of laminar 
cavitation detachment on an axi-
symmetric head taken from 
Ref. (12). 
v=60ft/sec, a~ .406 
Figure 28 An example of non-
uniform cavitation detachment on 
the pressure side of 6 in. foil 
at all angles of attack and high 
angles of attack for the 3 in. 
model. 
V.;, 50ft /se c, a= +l a 
a.;, . 06 3 9, c = 6 in. 
Figure 30 Illustration of leading 
edge disturbance influence on 
cavitation inception at low 
ve locity for the 3 in. model. 
V~30ft/sec, a=0°, a~ .207 5 
Figure 31 Cavitation pattern on 
the 3 in. foil at cavitation number 
slightly below the inception value 
at a velocity of 50 ft/ sec. 
V~50ft/sec, a==0°, 0~.18 
Figure 33 Streak type ~avitatio~ 
pattern on the 6 in. fo1l at cavi-
tation number slightly below the 
inception value at a velocity of 
50ft/sec . 
V~50ft/sec, a=0°, 0~.212 
Figure 32 Streak type cavitation 
pattern on the 3 in. foil at cavi-
tation number slightly below the 
inception value at a high velocity. 
V~60ft/sec, a=0°, 0~.2 
SUCTION SIDE OR UPPER SURFACE 
Sth , Sexpt = Theory , Expt. Detachment Points 
PRESSURE SIDE OR LOWER SURFACE 
! l 
Figure 34 Illustration of pressure diagrams constructed with the use of 
photographs- on suction and pressure sides of 3 inch model at 
angles of attack of 1 o , 2 o and 3 o at low cavitation numbers. 
Cross hatched portions represent cavitating areas. 
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TABLE 1 
Comparison of theoretical and experimental separation data at 
various angles of attack. 
ch~rd length Theory t--- ~xpe riment 
·--
a a c X y X y 
. 16 8 10 3" .280 
I 
.364 
.e-- -
. 14 10 3" . 260 . 318 
__L___. 
· -
. 094 10 3 II I· 220 . 318 
----- ------·-- -
---f--, . 083 20 3" .17 . 250 ; 
- -· 
. 0746 10 3" . 220 . 296 I 
. 0814 10 3" . 31 .75 i I 
---+ 
.0955 20 3" I I . 35 .727 
I 
-
. 163 5 10 6" .280 - L=--~-~~--2-o ·---- --.106 6" . 16 5 ·-- - - -- - --
x - suction side detachment point 
y - pres sure side detachment point 
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APPENDICES 
Appendix I 
In this appendix we consider free streamline flow past a symmetrical 
lenticular strut with arbitrary separation points. The strut is de scribed 
by an equation of the form y = Tj (x) and fig. Al.l describes the flow 
under consideration. The case of zero angle of attack was worked out 
by T. Y. Wu in unpublished work. In this case it was possible to 
work directly in the z-plane or the physical plane, but with the 
inclusion of angle of attack it is more convenient to work in a transformed 
plane. 
FORMULATION OF THE PROBLEM 
As in all cavity flows, we define cavitation number to be 
a = 
and this parameter characterizes the flow. Let q be the velocity 
c 
on the cavity surface and this velocity will be chosen as the characteristic 
velocity for our purposes. Therefore the velocity vector may be written as 
q = q (1 + u, v) 
c 
where u, v are the components of the dimensionless perturbation 
velocities in the x andy directions respectively. The linearization 
2 2 is done such that u , v < < u, v and the body- cavity system can be 
represented by a slit in the z-plane. Outside the body- cavity system 
the flow is assumed to be continuous, incompressable and irrotational. 
-2 9-
Therefore it is sufficient to find the complex velocity w(z)=u(z)-iv(z) 
which is analytic outside the body- cavity system which satisfies 
prescribed boundary conditions and singularities on the cavity-body 
system. 
BOUNDARY CONDITIONS AND SINGULAR BEHAVIOR OF w(z) 
(i) as z - oo. q = (V ,0) hence using Bernoulli equation it can 
~ 
be shown that w(z) = -f3 = -(1-(l+ cr)- 2 ) as z -+oo, 
(ii) Those portions of the slit which correspond to the wetted 
surface of the solid boundary must be streamlines 
a- angle of attack. 
(iii) On the cavity surface q = q or p = p , using the linearized 
c c 
Bernoulli equation this corresponds to u = 0 on cavity surface. 
(iv) Body- cavity system must be equivalent to a single closed 
body, hence the closure condition requires that 
~· v(x, y)dx = 0 = Im f w(z)dz 
r r 
I'is the circuit around the body-cavity system. 
(v) The cavity pressure p is the minimum pressure in the 
c 
neighborhood of the cavity boundary. 
(vi) In the neighborhood of unknown separation points z= c', d', the 
complex velocity potential w(z) should be continuous and ldv(x, o)/dx I <oo, 
the above condition implies that the curvature of the streamline, in 
linearized form, must be finite at the detachment (separation) points. 
For further discussion on this point see (7),!<. These conditions are 
the linearized version of Brillion detachment conditions of nonlinearized 
':< Numbers in parenthesis refer to references at the end of the text. 
-3 0-
free streamline theory. It should be realized that the actual flow in the 
neighborhood of separation points will be quite different due to real 
fluid effects as discussed earlier in the report and ref. (2). 
(vii) and (viii) w(z) - lnz as z -0 due to the included wedge 
angle of the leading edge and w(z) -A' as z -0 due to angle of attack 
A'= constant. ./Z 
It should be mentioned that this condition gives rise to a singular 
pressure on suction side which would normally require a 2nd cavity. 
This cavity was in some cases observed. (See eg. fig. 17 of text.) 
This would greatly burden the analysis and it is felt that present lift 
and drag results would not be affected too much. In this respect 
problem formulation is not wholly consistent with free streamline 
theory. An example of a cavity flow past a body with two cavities 
is given by Cox and Clayden JFM (1958). Incidentally it is this 
feature that probably causes the slow convergence of the separation 
points in the calculations indicated later. At higher angles of attack 
the upper cavity springs from the leading edge and the problem disappears. 
(ix) w(z) - N I ;z=-t as z .... t N = constant 
The problem in the z-plane with the boundary conditions on the slit 
is shown in fig. Al. 2 . 
It is conveniant to define a transformation C = ae i 1T It~ z (1) 
a= !T=-1 
The transformation pulls the point z = t to infinity and maps the 
entire flow field in to the lower half plane in the C plane. It should be 
-31-
noticed that z = oo is mapped in to C = -ia. The boundary value problem 
in the transformed plane is shown in fig. Al. 3. This problem can now 
be formulated as Hilbert-problem by continuing w(z(C )) = W(C) analytically 
to the upper half by the relationship 
1n consequence we get 
u(s,- r]) = -u(s, r]), v(f,,-r]) = v(s, r]) 
or introducing the notation 
W±(s)=W(s±io) = u(s,±o)- iv(s,±o) = u±(s)- iv±(s) 
we have 
+- + +- .- + -+.+-.- + W +W =u -iv +u -1v = -2lv,W -W=u -1v -u +1v =2u 
using the above relationships the B. V. P. becomes 
+ -w-w =0 for- oo <C<-c 
W++W-= -2i( Tl'(s)- a.) for -c < (_< 0 
+ - I W +W = -2i~r] (S)- a.) for 0 < (<d 
+ -W- W = 0 for d < (< + oo 
The corresponding homogeneous problem is 
+ -H -H = 0 for-oo<(<-c 
+ -H +H = 0 for -c < (< 0 
+ -H +H = 0 for 0 <C <d 
+ -H -H = 0 for d<(<+oo 
It can be easily verified that one solution for the above homogeneous problem is 
to make H( C) single valued one can introduce a branch cut from - c to d 
and the square root branch is chosen such that 
H(()-+(as (-+oo 
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To find the particular solution define a function G(C)= ~~~~ , then 
one obtains a simpler problem for G( C ) as follows. 
+ - + -
G+-G-= W _ W = W -W = 0 
H+ H- H+ 
- oo <C<- c 
G+-G-= W+ _ W- _ W++W-_-2j(1J'(s)-a.) 
H+ H H+ - H+ 
- c <(<0 
using Plemelj's formula (See eg. Muskhelishvili (8), p.42). One can 
write down the particular solution as 
G((} =-1- r G+( s )-G-( f,)ds 
2n i ' L s- C 
where L in this case is the real axis. 
d 
:.c((:) =~ J n'( s)+ a. 
1T 
1 
o I ( f + c H d- s) 
0 I ~ +~ 1 a.- n ( s) d s 
(s- C) n1 " /(s+c)(d-s) ( s- C) 
-c 
and W (C)=/( (+c)(C -d) G(C) p . 
Compleme ntary solution in general has the form of W c ( C)=H( (}P( (;:} 
where, 00 ,- n 
P(C) =LCn C 
n=- oo 
with C being a complex constant. 
n 
- 33 -
To make the proble m unique , P( C ) should be chosen such that 
conditions (vii), (viii) and (ix) ar e satisfied, hence the form for P( C) 
has to be of the natur e P( C) = (Ai~B C ) whe re A and Bare real 
unknown constants. The refore the c omple mentary solution becomes 
IA+B C' I 
W c ( () = \ --rr-) .; ( C +c)( C -d) 
and the complete solution W( ( ) =W ( ( )+W ( ( )becomes p c 
W ( C ) = / ( r;, +c)( r;, - d) ~rr ~ [ I 1 ( C ) + I2 ( r;, ) } + ~ ~ B r;, J (2) 
where d I ) r n( s +a ~ 
Il( r;, )= J /( s +c)(d- cJ ( s - c > 
0 
and 0 I I a-!) ( s ) ds I2( ( )= /(s+c)(d- s ) (s-C> 
-c 
The condition (i) will determine the constants A and B, using this 
condition which states W( r;,) ..... -13 as z ->oo, after some algebra one gets, 
where 
and 
r
-(13 , 
0 
~ Im [I1 (-ia)+I2 (-ia)}J A=-a ! f5)s1n 2 + --~rr-----
( 
13 ) ( 1 _ ) R e [I 1 ( - ia ) + I2 ( - ia ) J B = - cos 0 \ll cp -D 2 rr 
r; 2 2 2 2 J],_ D= L( c +a ) ( d +a ) 4 
-1 a 
cp = tan ( -) 
c 
-1 a 
1jr = tan (d) 
_.1. 13 = [ 1-(l+cr) 2 ] j 
( 3) 
( 4) 
(5) 
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Still .{,, c, d are unknowns, but we have three conditions to 
determine them, namely closure and smooth separation at each of 
the detachment points. 
For determination oft consider the integral I = ~ w(z)dz. 
Where 1 represents the circiut around body-cavity system. Since 
w(z) is analytic outside 1 excluding oo, we can take any contour C 0 
which surrounds body- cavity system .".I = rc w(z)dz. 
' 0 
The contours 1, C 0 and corresponding contours L, L 0 in (plane 
are shown in fig Al. 4. 
I can be rewritten as 
2 
roo-ib W(z( C)) dz dC = r oo-ib 2 t C a W( r)dr 
I = j - ds · 1 2 2 2 "' "' 
-oo-ib .., -oo -ib (a + C ) 
or Joo-ib 2 2 d ( l ) I= -co-ib(l +a )a W(C) d( - a2+ C2 
Integrating by parts we obtain 
oo-ib 
I= (l + a2)a2r ~loo-ib +a2(l +a2) r . dW(() 
I + c2 . b .., - oo- 1 b d c a . -oo-1 
since W(()--Cas c--oo, first term vanishes and thus 
2 2 Jco-ib dW((;) 1 
I= a (1 +a ) - oo-ib d(C) -.2~r-..z.-d C 
a + "' 
l 
2 2 d' 
a + C 
since dW(() --1 as C .... oo one can deform the contour to include the ds ·· 
pt. C = -ia and the value of the integral is given by 
or 
2 2 
I ::: a ( 1 + a ) [Residue at ('; = - ia] 
I::: rr(a)(l+a2 ) dW(s) I (= -ia 
ds 
(6) 
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Then the closure condition Im(I)=O b ecomes 
(dW(t;,) I . ) Im \ d C <; = -1a = 0 ( 7) 
Using the expression for W(() and with some algebra one gets 
.<iW u u I A ) i3 ( cos '*' cos cp \ 
Re Ldt;, I ( = -ia ]=DIS sin 2 -D cos 2 (I4 + z + z ;;z::- - r:-2 -2 ) (8) a d2 2 j +a c +a 
and 
Im[~~ l C= -ia }= -D sin tVZ cp (I4 + ~) 
a 
sin c:p ) 
+-;2 2 
I c +a 
where 
r 1 d l 
I4 = Re ! TI' d ~ [Il (C) + I2 ( t;,) } J C=- ia 
Is= Imr ~ d~ [I1 ( c> +I2 u: > 11 = -ia 
and D, cp, \V, are defined by (S). Using the expression for A from 
(3 ), closure condition becomes 
r 
I 
sin1f + since] _ i3 1 ' . 2 u z-1 Sln = lr:;cz p::z 2 1 d +a a a 
\...:... 
Before proceeding to calculate c, d it is convenient to evaluate 
I 1 (t;,), I2 ((:), which can be evaluated in closed form. In present 
l ) , I ) b /( ) b.{, l problem the term Tl(x can be wntten as Tl(x =a + x or Tl S =a + 2 - 2 
o o a + S 
-36-
Using the closed form expressions for 11 (()and r2 (s) one can write 
W( s) as follows 
W( C) = /({;+c)(d- ()[ ib .ta H(-. )- ib .ta H(" ) 
- rr 2 ( C + ia) la 2 ( ( - ia) 1a 
where 
H(C) = 2 
/( (+c)( d- C) 
z 1 ( C) 
.tn iC( c+d) 
z 1 (() = 2 j cd((+c)(d- C) +2cd+C(d-c) 
and .tn(-1) = -irr. 
It should be noted that superficially W( C) seems to be singular 
at C= ±ia but using L 'Hospital's rule it can be shown that W( () is 
finite in the limit ( --±ia and so is dW( s) as s ..... ±ia. ds 
and 
We now consider the determination of c, d, let us define 
B '( () = ~ [ 2 ~ ~ :i:) H (- ia) - 2 ~ ~-~) H ( ia) + rr (A~ B s) ] 
b.t(2 
A'(()=a + 
0 2 2 (( +a ) 
Using above definitions we can write 
dW(() 
d( 
B'(C)(~) (d-c-2(;) + /((+c)(d-C) dB'(C) 
/( (+c)(d- 0 d( 
+!:_A'(~") rdZ1(C)/d( 1 J + 2 g z1 dA'(() 
rr "' '- z ( C) - C :;;:- -vn i ({ c +d) · d ( 
1 
(1 0) 
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to find d we apply the condition (vi) at d+O+, which states that 
+ 
I dv~~ 0 ) I< oo in the neighborhood of d', but from the fact that 
~:is finite and u + = 0 for ( >d +0 +, the above condition is equivalent 
to I d:C:(C) l,_.d<oo- (11), it is obvious that as C-d, ~~ 1and ~' 
are finite but dZl (C) is singular like - 1-
d( ~ 
The ref ore in the limit as C- d we can write 
dW(C) 1 = 1 [B'(C)(d-c-2C) + 2A 1(C)(d-c-2() J 
dC C-d /( (+c)(d-C) 2 Zl(C) C-d 
+ o ( ! d-C) 
Hence for ld~~C) I C-od I to be finite we have to satisfy the following 
relationship which will be an equation for d . 
.;a B I (d)( c +d) + 4A 1( d) .;C = 0 ( 12) 
similar argument for the separation point c leads to the equation 
.;c B I ( - c )( c +d) + 4A I ( - c ) ;cr = 0 ( 13) 
Now in principle one can determine the unknown quantities t, 
c and d from equations (9), (12) and (13). 
FORCE COEFFICIENTS: From linearized Bernoulli equations 
we have p-p 
C = c = -2(l+cr)u 
P ~v 2P 
now l 1 
c = r c dx = -2 ( 1 + 0') J udx 
L " p -
0 0 
-38-
or 
from the fact that u=O on the cavity surface. r can be taken to be 
circuit around the body-cavity system. The quantity Re dW( () I (= -ia 
d( 
is determined from equations (8) and (3). 
It is well known [see for eg. (9) J that in linearized cavity flow 
analysis drag coefficient CD is given by CD= 21T (1+ a) N 2 
where N is the coefficient of the term - 1- in the expansion of 
rz:t 
w( z) about z = t. 
( 15) 
From the expression for W(C) (eqn. 10) and noting that behavior 
of W( (} as ( ->oo is equivalent to behavior of w(z) as z ..... -!, one obtains 
,. ..... W( ,.) !U: - Ba Jt 
as .., oo "' ~ i ~ 
z-o.t ~ :. N = -Ba Jt 
substituting this in equation (15) we have 
2 2 2 CD=21T(l+cr)B a (l+a) (16) 
RESULTS: Computations were done on the hydrofoil section 
described in the experimental part of this report. For this particular 
hydrofoil section a 
0 
= C ~· 2 ) ( 1~ 0 ) , b = -2a 0 The procedure of 
computation was as follows, for given a., t solve for c, d, f3 from 
equations (12), (13) and (9) by iteration, then obtain values for CL and 
CD from equations (14) and (16) respectively. The computations were 
carried up to angle of attack of 3 ° and for various cavity length .{. 
(or for various cavitation numbers cr) . For angle of attack greater 
than 3 °, the numerical solution of equations (12) and (13) for c and d 
converged very slowly. At higher angles of attack (a. >3°) it would 
be preferable to fix value of c at the leading edge, then determine d 
from equation (12) and do the other calculations as before. 
(14) 
The results of computation are presented in figures Al. 5, Al. 6 and 
Al. 7. 
v 
Figure Al.l 
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z- plane 
Flow configuration in the physical plane. 
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z- plane 
'( x)- a u+= 0 
z = i. 
----------+---------------------------~~--x 
v = - 7] '( x ) - a 
Figure A 1.2 The Boundary Value Problem reduced 
to _a slit in the z- plane. 
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Figure A1.3 Transformed Boundary Value Problem in C-plane. 
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Figure Al.4 Transformation of contours rand C 0 in z-plane 
to contours L and L 0 in \:-plane. 
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Appendix 2 
In this section the method and results of the flow visualization 
technique using an oil film are discussed. 
Procedure. After many trials, mixture of red lead oxide and oil 
with a ratio of 10:4 was chosen as the oil film medium. A thin coating of 
this mixture was applied on the model and the desired velocity of 20 ft/ sec 
was obtained as rapidly as possible. The tunnel velocity was maintained 
at this value for about 20 minutes. During this period careful visual 
observation was done and four to five flash photographs of the oil film 
pattern were obtained. The procedure was repeated for various angles of 
attack. This procedure could not be used to visualize the flow at 40 ft/ sec, 
since by the time this high velocity was reached most of the oil film coat-
ing was worn off. 
Discussion of Results. The photographs taken during the test runs 
were in color, and black and white reproduction of the same did not show 
very much of the flow pattern. For this reason no photographs are included 
in the appendix but a description of each is given with diagrams constructed 
from the photographs for illustration purposes. 
At zero angle of attack considerable amount of paint was left over at 
the downstream end of the hydrofoil, which is an indication of flow separa-
tion even though no trace of reverse flow in the separated zone was 
apparent. Some amount of paint was left over near the intersection of the 
hydrofoil and tunnel wall; apparently the effect of tunnel wall boundary 
layer is to induce local flow separation or thicken the local boundary layer 
on the hydrofoil adjacent to the wall. These localized effects due to wall 
boundary layer could influence the forces experience by the model. The 
-40-
effect of Reynold's number on these localized effects was not investigated. 
An illustration of the above description is shown in Fig. A2.1. At. so 
angle of attack on the pres sure side some paint was left over near the 
leading edge of the hydrofoil due to the stagnation region of the flow. 
Some paint was left over at the trailing edge portion also; which is thought 
to be due to the presence of a thick boundary layer. The effect of tunnel 
walls was less pronounced than zero degree case. At 2. so angle of attack 
on the pressure side the flow pattern left over was very similar to that at 
. so angle of attack, except for lesser amount of paint being left over at the 
trailing edge portion of the foil and a more pronounced tunnel wall boundary 
layer effect. At . so angle of attack on the suction side, paint was left over 
at the leading edge area due to the local laminar separation bubble. The 
effect of clearance between the model and tunnel wall was to wear off paint 
slower near the tip area than other areas of the foil. Similar effect was 
noticed due to the effect of tunnel wall boundary layer. At 2. so angle of 
attack on the suction side, the flow pattern was very similar to • so degree 
case. At so angle of attack on the suction side, clear indication of reverse 
flow in the locally separated laminar bubble near the leading edge was 
visible. The effect of tip clearance became much more pronounced leaving 
a three dimensional flow pattern on the foil surface. Figure A2. 2 tries 
to illustrate this phenomena. 
Figure A2. 3 shows a sketch derived from visual observations and 
indicates the effect of leading edge disturbances on boundary layer charac-
teristics downstream of these disturbances. The effect is to create patches 
of flow which are turbulent with laminar flow in between them. Depending 
on the size of the leading edge disturbance the turbulent patch would begin 
-41-
either right from the disturbance or further downstream as indicated 
in the figure. 
Conclusion. Due to experimental difficulties the effect of 
Reynold's number on the flow pattern past the hydrofoil could not 
be studied. Due to interaction of tunnel wall boundary layer with 
the boundary layer on the hydrofoil localized low pressure regions 
are created, this could have effects on the forces experienced by 
the model and cavitation pattern on the model. The presence of 
laminar separation bubble at the leading edge and subsequent 
reattachment of the flow on the suction side of the hydrofoil at a 
low angle of attack of . 5° and higher angles was observed. The 
effect of leading edge disturbances was to create turbulent flow 
patches in otherwise laminar flow field. Separation of flow on 
0 0 pressure side at angles of attack of . 5 and 2. 5 could not be 
ascertained. 
Figure A2.1 
Figure A2. 2 
L.E. T. E. 
Paint pattern left over on the foil surface at zero 
degree angle of attack and at a velocity of 20ft/sec. 
L.E. 
. -. 
''. 
' . 
. . 
.. 
T. E . 
. ·.~. 
Paint pattern left over on the suction side of the 
foil at 5 • angle of attack illustrating a three 
dimensional flow pattern at a velocity of 
20ft/sec. 
o LEADING EDGE Dl STURBANCE 
~ TURBULENT PATCHES 
L.E. 
Figure A2.3 
T. E. 
Illustration of turbulent patches created 
by leading edge disturbances, 
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